The aim of this study was to determine the antioxidant activity of model systems of phenolics (individual and combinations) without and with the addition of sugars (sucrose or trehalose). Also, the synergistic or antagonistic effects of the phenolics in all model systems were evaluated. The results for the antioxidant activity were obtained by three assays, ABTS +˙, DPPH˙ and FRAP. ABTS +˙ and DPPH˙ assay showed that quercetin and gallic acid had the same antioxidant activity, higher than catechin. When the FRAP assay was applied, the order of increasing of antioxidant activity was quercetin < gallic acid < catechin. The highest synergistic effect was achieved in the model system of catechin, quercetin and gallic acid. Addition of sugars, sucrose and trehalose, influenced both antioxidant activity and synergistic effect of phenolics in the model systems. The highest synergistic effect in the model systems with sucrose addition was observed with catechin, quercetin and gallic acid, while in samples with trehalose, the highest synergistic effect was in combination with catechin and gallic acid. Interactions of phenolics and phenolics/sugars caused changes in antioxidant activity as well as synergistic effects.
Polyphenols are phytochemicals in our diet and they are currently the subject of intense research for their possible role in preventive nutrition [1] [2] [3] [4] . Polyphenols include a wide variety of molecules that contain at least one aromatic ring with one or more hydroxyl groups in addition to other substituents which may result in diverse biological activities. Numerous studies have been published focused on antioxidant activity of polyphenols. Some studies focused on the pure polyphenol compounds [5] , and some on foods, mainly fruits, vegetables [6] and beverages [7] . The first hypothesis of a synergistic effect involving polyphenols, or "vitamin P" as the author then called polyphenols, was in 1936 by Rusznyak and Szent-Gyorgyi [8] . Since then, scientists have made a considerable effort to research the synergistic effect between polyphenols and vitamins, and between polyphenols [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Some authors postulated that in some cases there are possible synergistic or antagonistic effects between the various antioxidants present in the fruit and vegetables, such as polyphenols. Most of the current studies dealing with the influence of sugars on polyphenols were made in real systems such as purees, pastes, and beverages revealing contradictory results, from no influence to stabilizing or destabilizing effects [21] [22] [23] [24] . Sucrose is a disaccharide that is very often used in preparation of different food products. Recently, trehalose has gained more attention in the food industry due to its positive effect on quality of food products.
Trehalose and sucrose are isomers with the same chemical formula but different structures resulting in different behavior of each sugar that could be the reason for the different impact of the sugars on the quality properties of the systems [25] . Therefore, the purpose of this study was to examine the antioxidant behavior of binary and ternary combination of catechin, gallic acid and quercetin in the presence of sugars (sucrose or trehalose) by using ABTS +˙, DPPH˙ and FRAP assays, which are considered as standard assays for antioxidant activity evaluation.
Model systems of the phenolics (individual and in combinations)
without and with addition of the sugars (sucrose or trehalose) were prepared. After stabilization of the prepared model systems, antioxidant activity was determined by application of ABTS +˙, DPPH˙ and FRAP assays. The obtained values of the antioxidant activity were compared and used for the determination of the synergistic or antagonistic effect between the used phenolic compounds. The antioxidant activity values are presented in Tables  1-3 Figures 1-3 . Comparison of the antioxidant activity of the individual phenolics obtained by ABTS +˙ assay showed that G and Q had higher antioxidant activity than C. Samples with a combination of two or three phenolics had higher antioxidant activity. However, in the sample with the addition of QG the antagonistic effect of this system was observed. The results of DPPH˙ assay showed the same tendency, but all the mixtures of phenolics exhibited a synergistic effect. The lowest synergistic effect was observed in the sample with QG addition. The order of increasing antioxidant activity was Q < G < C when FRAP assay was applied. Samples with combinations had higher antioxidant activity, in all samples except that with addition of CQ, when a synergistic effect was observed. Regardless of the used assay for the determination of antioxidant activity, the highest synergistic effect was observed in the system with all three phenolics. Antioxidant activity determined by the ABTS +˙ assay in the samples with addition of phenolics and sucrose was the same or higher than in samples only with phenolics, except in the sample with the addition of Q. Application of the DPPH˙ assay showed a different tendency in antioxidant activity results. Samples with the addition of sucrose and C, CG, or CQG had lower antioxidant activity than the same samples without the sucrose addition. All other samples had the same antioxidant activity values. Only the samples with addition of the sucrose and C, CG, or CQ had lower antioxidant activity values than the corresponding phenolics systems when the FRAP assay was applied for antioxidant activity evaluation. In all systems with addition of sucrose by application of all three assays, a synergistic effect of phenolics was observed, except in the sample with the addition of QG when the antioxidant activity was determined by the FRAP assay.
and the synergistic effects in
The present studies considering flavonoid-flavonoid interactions in terms of antioxidant activity showed that the synergistic or antagonistic effects depending on which flavonoids was studied and which assay was used for the determination of the antioxidant activity. Heo et al. used the ABTS assay and did not find any synergistic effect between the assayed flavonoids [14] . Pinelo et al. used the DPPH assay and found an antagonistic effect between the phenols that were studied at three different temperatures [15] . On the other hand, synergistic antioxidant activity was observed of flavonoids on free-radical-initiated peroxidation of linoleic acid and on inhibition platelet adhesion to collagen and collagen-induced platelet aggregation, respectively [16, 17] . The results from the 
Antioxidant activity of model systems
Natural Product Communications Vol. 11 (10) 2016 1447 study of Hidalgo et al. showed that there were synergistic and antagonistic effects between the studied flavonoids depending on which flavonoids were combined [18] . Abou Samra et al. also showed an important synergistic oxidation between quercetin and catechin. Quercetin and catechin regenerated caffeic acid, the prooxidant effect of the mixtures increasing with less delocalization. The study also showed that catetchin and caffeic acid have an antagonistic effect [19] . A study of the interaction between resveratrol and selected phenolics (gallic acid, caffeic acid, catechin, quercetin) showed that there are differences in the activity of a mixture of phenolic compounds and resveratrol depending on a mechanism of the used method (FRAP, DPPH, and Briggs-Rauscher reaction). The synergistic effect was confirmed using all three methods only between resveratrol and catechin [20] . Trehalose addition to the model system with G caused a very high decrease in the antioxidant activity values obtained by all three assays in comparison with the model systems, only with G and with the addition of sucrose. All the model systems, except with G, when trehalose was added had higher antioxidant activity obtained by the ABTS +˙ assay than the model systems with the phenolics. Application of the DPPH˙ assay revealed that in comparison with the model system with G, the model system with C in combination with CG had lower antioxidant activity values. When THE FRAP assay was used, In comparison with the model system with G, the model systems of C, CQ and CQG had lower antioxidant activity than the corresponding model systems without trehalose addition. Evaluation of the synergistic effect of phenolics in the model solutions of phenolics and trehalose showed that all samples, except that with CQ, exhibited a synergistic effect, regardless of used assay. The highest synergistic effect was observed in model systems of trehalose and CG, by the application of all three assays. Recently Shpigelman et al. conducted a study on saccharide protection against epigallocatechin-3-gallate deterioration in aqueous solutions showing that sugars exert protective effects against EGCG deterioration and that the sugars differ in the extent of their effect; fructose provided the highest protection among the tested sugars and sucrose the lowest, on an equal w/w basis [26] . The authors suggested that the protective effect of sugars was, probably, due to a combination of several mechanisms; decreasing oxygen solubility, protection by chelation of metal ions and the sugars ability to scavenge reactive oxygen species resulting in the sugar radicals having a lower reactivity [26, 27] .
The results of the study showed that the applied assays for the evaluation of the antioxidant activity for the same samples exhibited different trends due to the different mechanisms involved in determination of the antioxidant activity. Addition of sucrose and trehalose to the model systems had influence on the antioxidant activity and synergistic effect of the used phenolics. Nowadays, the fortification of food with phenolics is a common way to increase the nutritional value of the foods and to obtain products with higher antioxidant properties. Also, the phenolics can influence some other quality properties. From our study it is evident that it is necessary to have in mind that the interactions between the phenolics themselves, as well between phenolics and the other compounds of the food matrix can occur during the formulation. Those interactions can cause a decrease in the antioxidant activity of the foods, but also a synergistic effect can be achieved.
Experimental
Chemicals: 2,2-Diphenyl-1-picrylhydrazyl, catechin, gallic acid, and quercetin 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were obtained from Sigma-Aldrich (Germany). 2,2'-Azobis-(3-ethylbenzothiazoline-6-sulphonic acid) and 2,4,6-tri(2pyridyl)-s-triazine (TPTZ) were obtained from Fluka Chemicals (Madrid, Spain), trehalose from Hayashibara coo (Japan) and sucrose from Kemika (Croatia).
Model systems:
Model systems were prepared by mixing 5 mL of phenolics solution (1 mM) without/with 1 mL of sugar solution (0.5 M) and the volume was adjusted to 50 mL with distilled water. The used phenolic solutions were: catechin (C), quercetin (Q) and gallic acid (G), and all binary combinations (CG, CQ, QG) and ternary combination (CQG).
ABTS +˙ assay: The ABTS +˙ assay followed the method of Arnao et al. [28] , with some modification. The ABTS + was produced by reacting 7 mM ABTS stock solution with 2.45 mM potassium peroxosulfate and allowing the mixture to stand in the dark at room temperature for 16 h before use. The ABTS + solution was diluted with ethanol. The antioxidant activity was measured by mixing 0.2 mL of model systems with 3 mL of ABTS reagent and left in the dark. After 95 min, absorbance was measured at 734 nm using a spectrophotometer (Cary 60 UV-Vis, Agilent Technologies). For the blank, the sample was replaced with water. Trolox solutions were used to obtain the calibration curve. Results are expressed as µmol of Trolox equivalents per 100 mL of sample (µmol TE/100 mL). Measurements were conducted in triplicate.
DPPH˙ assay: DPPH˙ solution (2.8 mL, 0.5 mM) was mixed with 0.2 mL of model solution to a final volume of 3 mL. After 15 min the absorbance was measured at 517 nm using a spectrophotometer (Cary 60 UV-Vis, Agilent Technologies). Trolox solutions were used to obtain the calibration curve. Results are expressed as µmol of Trolox equivalents per 100 mL of sample (µmol TE/100 mL). Measurements were conducted in triplicate.
FRAP assay:
The FRAP reagent was composed of 25 mL of 300 mM acetate buffer, pH 3.6, 2.5 mL of 10 mM TPTZ solution and 2.5 mL of 20 mM ferric chloride solution. The ferric reducing ability of model systems was measured as follows; 3 mL of FRAP reagent, warmed at 37°C and freshly prepared, was mixed with 0.2 mL of sample. After 30 min, absorbance was measured at 593 nm using a spectrophotometer (Cary 60 UV-Vis, Agilent Technologies). For blank the sample was replaced with water. Trolox solutions were used to obtain the calibration curve. Results are expressed as µmol of Trolox equivalents per 100 mL of sample (µmol TE/100 mL). Measurements were conducted in triplicate.
Statistical analysis:
Values of antioxidant activity were analyzed by the analysis of variance and Fisher's least significant difference with significance defined at P < 0.05. All statistical analyses were carried out using the software program STATISTICA 8.0 (StatSoft, Tulsa, USA). The results were expressed as means ± standard deviation.
